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by Donald F. Shook and Donald Bogart
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SUMMARY

Measurements of effective resonance integrals for separated tungsten isotopes en-
riched in tungsten 182, 183, 184, and 186 and for natural tungsten were made relative to
gold. The effective integrals were determined by using a small homogeneous reactor to
measure epicadmium reactivities for samples of various sizes located at the center of the
core. For comparison with the reactivity data, relative y-ray activities of cadmium-
covered thin samples of gold were also determined.

The experimental results were compared with effective resonance integral calcula-
tions by using the Nordheim integral method and recently measured isotopic resonance
parameters. Agreement between the calculations and experimental results for
tungsten 182, 183, and 184 were generally good. However, for the tungsten 186 samples
and for thick samples of natural tungsten, the calculations overestimated experimental
effective integrals by 10 to 20 percent. For tungsten 186, the use of a radiation width of
4414 millivolts for the highly scattering 18. 8-electron-volt resonance brought calculations
and experiment into better agreement. For natural tungsten, the experimental results
indicated the presence of overlap effects for resonances of constituent isotopes.

INTRODUCTION

A reactor design limitation associated with the use of tungsten in high-temperature
thermal spectrum reactors is introduced by the relatively large capture cross sections
(ref. 1) of natural tungsten for resonance and thermal neutrons. The isotope tungsten 184
has relatively few resonances and a small thermal cross section; thus, tungsten enriched
in this isotope is more suitable for thermal reactor application. However, the cross
sections for all the tungsten isotopes should be known accurately and a method for calcu-
lating capture rates in finite-sized samples should be available in order to evaluate the



neutronic characteristics of proposed reactors containing tungsten enriched in

tungsten 184. Therefore, measurements of effective resonance integrals for the small
quantities of separated tungsten isotopes available are useful as tests of presently known
cross sections and calculational methods.

The calculational problem for tungsten is different than that for uranium 238 for which
extensive comparison with experiment has been made in the past. In the case of tungsten,
neutron captures below the first resonance account for a large fraction of the total cap-
tures, and scattering widths are much larger than capture widths for important reso-
nances. For uranium 238 neither of these effects is present. For highly scattering
resonances, the spatially flat source approximation used in computing the neutron escape
probability for the sample appears inadequate.

Although the reported parameters of the most prominent isotopic resonances of
tungsten have been evaluated (refs. 1 and 2), the precision of these early transmission
data can be improved by newer analytical techniques. The more recent transmission data
(refs. 3 and 4) and capture data (refs. 5 and 6) for tungsten have identified a large number
of additional resonances. Since the scattering widths for some of the resonances are
large, it is difficult to derive capture widths from the transmission data. The measured
scattering widths must be used to derive capture widths from the capture measurements.
An iterative analytic procedure using transmission and capture data should provide more
precise resonance parameters as additional data becomes available.

The effective resonance integral Ieff for a sample in a neutron slowing-down medium
is defined as the lethargy-integrated capture cross section that yields the correct capture
rate when the sample is exposed to the unperturbed flux spectrum that would be present
in the absence of the sample. For the case of a very thin sample, I off is the dilute reso-
nance integral and is related to the energy-dependent microscopic capture cross section
. (E) in the following way:

d
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where the slowing-down flux in the surrounding medium is standardized to vary inversely
with neutron energy E and Ecg is an effective cadmium-filter cutoff energy.

For a thick sample or lump of material, the flux distribution changes so that Ieff
depends on a volume integral of the product of the actual flux in the sample and the cap-
ture cross section.

NVe I = /E eroc(E)<p(E,r)dE dr (2)
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where N is the sampleatom density, V the sample volume, and ¢ the total unper-
turbed flux. It is implicit in equation (2) that the flux per unit energy ¢(E) varies as
1/E when the thick sample is not present; therefore, equation (2) reduces to equation (1)
for thin samples.

The upper and lower limits of the energy integrals in equations (1) and (2) represent a
standardization of what is to be measured for a cadmium-filtered sample. The value of
ECd used is 0.5 electron volt.

Resonance capture can be calculated with precision for a wide range of sample geom-
etries and temperatures if accurate resonance parameters have been measured. Methods
for calculating Ieff from resonance parameters and statistical distributions of these
parameters are available. Summaries of analytical methods are presented in refer-
ences 7T and 8. The analytical method used herein is the digital computer technique based
on methods presented in reference 8. The technique employs a direct numerical integra-
tion of the integral equations representing neutron captures and scattering processes in a
sample. The method makes use of the flat-source assumption for computing escape prob-
abilities that accounts for scattering in the sample. This source distribution is a good
approximation for resonance-capture calculations in uranium 238. However, this method
is applicable to isotopes with widely spaced resonances and may not be sufficiently accu-
rate for the highly scattering or closely spaced resonances that are present in tungsten.

Many of the experimental and analytical methods developed from the large amount of
effective resonance integral work that has been done with uranium 238 can be applied to
tungsten. However, the activation technique, commonly used for uranium 238, can not
be used for tungsten since two of the four most abundant tungsten isotopes are not made
radioactive following neutron capture. Consequently, a more difficult reactivity mea-
surement technique was used to measure resonance integrals for separated isotopes of
tungsten.

METHOD OF MEASUREMENT

The reactivity AK/K of a cadmium-covered purely absorptive sample located at the
center of a reactor is given by perturbation theory in references 9 and 10 as
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where ¢*(E,r) is the unperturbed adjoint function at the sample and Ftot is the inte-

grated total fission rate in the reactor. The remaining notation in expression (3) is the
same as for expression (2).



In a thermal reactor, ¢*(E) is essentially constant and ¢ (E) varies as 1/E in the
resonance region of interest. Since EC d is approximately 0.5 electron volt, equation (3)
can be rewritten by using equation (2):
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In equation (4), the constants Ftot and ¢ o are combined into the constant C, and
AK/NVK is the reactivity coefficient for the resonance absorber.
The proportionality expressed by equation (4) permits the reactivity coefficients of
unknown resonance absorbers to be related to effective resonance integrals by using an
isotope with a known resonance integral as a standard to determine the constant C. The
resonance level structures for the samples to be measured are different from that of the
standard, so that the proportionality expressed by equation (4) is not exact. However,
since the reactor flux and important resonance cross sections are known, a correction
can be calculated to make the reactivity coefficients for the samples of interest more
precise. These corrections and other reactivity effects that are extraneous to the evalu-
ationof 1 off 2T€ also accounted for.
The following phenomena in the reactivity measurements were investigated:
(1) Departure of the reactor flux ¢(E) from a 1/E variation
(2) Variation of the adjoint function ¢*(E) from constancy
(3) Deviation of the cadmium thermal neutron filter from a sharp filter with a
0. 5-electron-volt cutoff energy

(4) Scattering by the sample of neutrons by elastic and inelastic processes. (This
introduces a small positive reactivity effect by shifting neutrons at the center of
the core from high energy having low importance to lower energy having greater
importance.)

The corrections involving the fluxes and cadmium filter were made by using calcu-
lated multigroup transport fluxes and adjoint functions for the perturbed reactor contain-
ing a cadmium cover, and were applied by rewriting expression (3) as follows:

z ,Ig?fl’cl(p (u) I(P * (u) i
AK _ i
== = - Clgy (5)
NVK 12 lc
L eff

The bracketed term in equation (5) is the calculated multigroup importance correction




factor for the measured reactivity coefficients. The calculated flux and adjoint per unit
lethargy (p(u)i and (p*(u)i are normalized to 1 at the main gold resonance energy of
4.9 electron volts; the resulting correction factors for the tungsten isotopes measured
varied from 1.0 to 1.1. Therefore, the use of expression (4) in conjunction with the
individual isotopic correction factors is satisfactory for the reactor used in the present
experiments. '

The reactivity effects due to inelastic scattering by the sample (refs. 9 and 10) are
given by
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where o(E—-E') is the inelastic-scattering transfer cross section from E to E', and
¢*(E') - ¢*(E) is the change in adjoint function from E to E', which for a thermal
reactor is positive and opposite in sign to the resonance capture reactivity. The
inelastic-scattering reactivity coefficient of equation (6) is difficult to calculate accu-
rately because the transfer cross sections are generally unavailable. However, the
reactivity coefficient may be measured for a highly inelastic-scattering but low-
capturing material such as lead. When using this experimental inelastic-scattering
reactivity coefficient for lead, the coefficients for other heavy elements may be estimated
analytically. This calculation was made by using the evaporation model (ref. 11) and the
known total inelastic cross sections of the elements involved. The resulting correction
to the data is generally small and unimportant except for the largest samples of low-
capture cross-section material.

EXPERIMENT

The reactivity measurements were made in the NASA ZPR-1, which is an unreflected
uranyl fluoride - water solution reactor. The reactor vessel, shown in figure 1, is a
cylinder that is 30.5 centimeters in diameter and 76.2 centimeters in height. It is
supported equidistantly from the walls of the reactor room by a large steel platform that
provides access to the reactor core. The fuel solution consisted of 33. 3 percent enriched
uranium 235 as uranyl fluoride in water and was normally stored in the horizontal tanks
below the reactor. The fuel solution concentration used was about 7 percent by weight
uranyl fluoride with a hydrogen to uranium 235 atom ratio of about 500. Criticality was
achieved by pumping the fuel solution into the reactor vessel in small increments. The
reactor was controlled entirely by variation of the solution height. A cadmium safety



rod polsed above the reactor solution provided a shutdown mechanism only.

Reactivity measurements were made by suspending the samples at the center of the
reactor vessel in the wire sample holder shown in figure 2. The samples were separated
from the fuel solution by a 0. 89-millimeter-wall cadmium cover contained in a thin-wall
Lucite cylinder. Of the several cylinders used, the maximum size was 6.3 centimeters
in diameter and 1.6 centimeters in height. The critical solution height was about 46 cen-
timeters for the fuel concentration used; solution heights were measured with a remotely
operated micrometer lead screw connected to an electric probe. Changes in solution
height can be measured to 0.2 mil, which corresponds to 0. 02 cent of reactivity for
this core.

The reactivity of a sample at the center of the core was determined as the difference
between critical heights AH for the following two reactor conditions: A critical height
was first determined with the sample holder and empty cadmium cover in the reactor and
then with the sample in the cadmium cover. After several experiments were performed
with different samples, the critical height with the sample holder and empty cadmium
cover was redetermined to assure that reference reactor conditions were maintained. A
reference critical solution height of 45. 720 centimeters at a reference solution temper-
ature of 21.1° C was maintained.

Corrections for gradual changes in critical height that are caused by small fuel-
solution temperature changes during sample measurements were made by using an ex-
perimentally determined temperature coefficient of reactivity of 0.1145 centimeter AH
per OC. Other second-order differences in critical heights that were not accounted for by
fuel temperature changes were caused by gradual evaporation of water from the fuel solu-
tion. Evaporation was minimized by enclosing the reactor with a plastic cover, which
enabled the humidity to be controlled. The reactivity correction for residual evaporation
varied with reactor room relative humidity but was typically 0.0013 centimeter AH per
hour. The reference fuel concentration was maintained by the occasional addition of
water to the fuel solution. .

Period measurements. - The proportionality between changes in solution height AH
and reactivity was obtained f:'om measurements of stable reactor periods and the in-hour

relation. The period measurements were made by using two counting channels employing
standard boron fluoride filled proportional counters surrounded with paraffin. The re-
actor was returned to a just critical condition for 10 minutes or longer following each
period determination.

The increments of reactor height AH and corresponding reactivities are shown in
figure 3. The data indicate a linear variation of reactivity with AH over the range
measured. The maximum value of AH, 235 mils, was near the practical limit for ob-
taining good period data. The largest value of AH observed for any of the samples
measured was 150 mils. Since the curve is linear and only relative reactivities are of




interest in the present measurements, the measured values of AH need not be converted
to reactivity units in order to determine effective resonance integrals.
Reactor flux and adjoint spectrum. - Inasmuch as Ieff is defined for a 1/E

slowing-down spectrum, it is desirable that measurements be made in an approximate
1/E flux spectrum or in a device which has this energy response. Measurements of
resonance integrals have generally been made in portions of moderators that are remote
from fuel elements, in which a 1/E spectrum is assured. The present measurements
were made with a uranyl fluoride - water fuel solution surrounding the sample. The fuel
solution was, however, quite dilute with a hydrogen to uranium 235 atom ratio of 500, so
that the neutron energy spectrum approximateda 1/E slowing-down spectrum. Time-
of -flight spectral measurements (refs. 12 and 13) of neutron flux in boron-water solu-
tions and uranium 235 - water mixtures of comparable absorptivity indicate an apparent
1/E spectrum to exist. However, these measurements extend only to energies of about
20 electron volts and deviations from 1/E are difficult to discern.

Flux and adjoint calculations were made for the ZPR-1 reactor to evaluate deviations
from 1/E with precision. The central flux and adjoint inside a cadmium cover, shown
in figure 4, indicate that neither the flux nor the adjoint is constant with lethargy. How-
ever, in the important region where most captures occur, between 1 and 1000 electron
volts, the fluxes and adjoints vary slowly. The calculations shown in figure 4 were made
with GAM II (ref. 14) generated cross sections and a one-dimensional transport code
using the P188 approximation. The calculations were for a reactor with hydrogen to
uranium 235 ratio of 500 containing a spherical cadmium cover with a 1. 86-centimeter
inside radius and a 0.089-centimeter wall thickness. The reduction in adjoint flux at
lethargies greater than 12 was caused by the cadmium. Adjoint fluxes above a lethargy
of 8 as computed by diffusion theory were significantly lower than the P188 transport
solutions shown in figure 4. The reduction in adjoint flux at high lethargy values was also
dependent on the radius of the cadmium cover.

There were small dips within the group fluxes caused by uranium 235 and cadmium
resonances that are not shown in figure 4 but are delineated by the finer group structure
that was used in reference 15. These flux dips do not correspond in energy with any of
the resonances of gold and tungsten samples measured, with the exception of a small
cadmium resonance at 18.5 electron volts. The cadmium resonance could be important
in shielding the 18. 8-electron-volt resonance of tungsten 186. However, the calculated
transmission of the cadmium cover indicated the effect of this resonance on the tungsten
measurements was less than 3 percent. Wing interferences for uranium 235 resonances
were computed to be negligible in reference 16. Several measurements of the effects of
different cadmium cover sizes on measured values of AH for a given gold sample were
made to obtain additional information on the effects of adjoint flux variation and to inter-
calibrate results for various sized samples. These data are shown in figure 5 in which



the reactivity AH for a 2.54-centimeter-diameter by 0.25-centimeter-thick gold disk is
plotted against the critical height of the reactor with the different cadmium boxes. Each
cover had a 0. 89-millimeter-thick cadmium wall, The decreasing values of AH for the
gold sample with increasing cadmium cover size are attributed in part to a decrease in
central-core-region importance with increased cadmium cover size. This decrease in
importance is thought to be somewhat greater than the data show because the reactor
height is significantly greater for the larger cover data and values of AH per unit of
reactivity increase approximately as the cube of the reactor height (ref. 17).

Measurements were also made of the change in the shape of the curve of figure 5 for
gold samples of other sizes. The effect of gold sample size, however, was small and
proved to be beyond the resolution of the measurements. The measurements shown in
figure 5 therefore provide a direct means for comparing reactivity data measured with
different cadmium cover sizes for all the samples measured.

Relative y-ray activity measurements. - Radioactive isotopes are formed from
neutron capture by gold, tungsten 186, and tungsten 184. Relative neutron capture rates,
as indicated by counting the 0.41 MeV y-ray for a range of sample sizes, were measured
for gold to supplement the reactivity data. The gold activation data were used to establish
the reference reactivity coefficients.

The gold foils were irradiated at a reactor power of approximately 10 watts in the
same sample holder as was used for the reactivity measurements. Reactor power was
monitored by a 0.0127-centimeter -thick gold foil placed in a fixed position outside the
core. The foils were counted 10 centimeters from a 7.6- by 7. 6-centimeter sodium
iodide crystal. The use of conventional scintillation counting and interchanging of the
order of counting for all samples in a short time interval minimized equipment drift
errors. The y-ray attenuation corrections were minimized by making the thick samples
from stacks of thin ones and individually counting the foils.

RESULTS AND DISCUSSION

Reactivity Coefficient Data for Gold

The measured reactivities for gold samples 2.54 centimeters in diameter and
0.0127 to 1.9 centimeters thick were converted into reactivity coefficients in units of
mils change in critical core height per 1024 sample atoms. The relative y-ray activity
data for tifim samples ranging in thickness from 0. 152 to 1078 centimeter must be normal-
ized with the reactivity data in the region of common thicknesses. These data are then
used to determine the constant of proportionality of equation (4) which relates the re-
activity coefficients to effective resonance integrals. The dilute resonance integral for




gold was used as a standard with which to compare thick gold data and the tungsten
isotopic data.

Differences between the reactivity and the activity data for gold that are dependent on
sample size must be considered prior to normalizing these data. As mentioned before,
the observed negative reactivity data for absorptive samples included an inelastic scatter-
ing effect that is opposite in sign to the resonance capture effect. Therefore, the ob-
served negative reactivity data must be made more negative by correcting for the in-
elastic reactivity effect prior to normalization with the activity data. A second difference
between the activity and reactivity gold data results from the adjoint weighting of the
capture rate as a function of neutron energy, which is required for the reactivity data only.
The corrections for this effect are calculated to be less than 3 percent.

The inelastic scattering effect for gold is significant and was determined relative
to the reactivity coefficient of 14. 7 mils per 1024 atoms that was measured for lead.
Differences between lead and gold were estimated by using published total inelastic cross
sections (ref. 1) in conjunction with the evaporation model (ref. 11) to obtain the energy
distribution of the inelastically scattered neutrons. In these calculations, the flux and
adjoint energy variations shown in figure 4 were used. The resulting gold sample re-
activity coefficient due to inelastic scattering was evaluated to be 40 mils per 1024 atoms.
The inelastic scattering corrections were made to the gold reactivity data which are then
directly comparable to the gold activity data.

The corrected reactivity coefficients and the relative y-ray activity data are pre-
sented in figure 6 where they are plotted against a generalized geometric parameter, the
sample surface-to-mass ratio to the 1/2 power (S/M)l/ 2 The activity data were normal-
ized to a best-fit curve through the reactivity data in the region of common sample size.
The uncertainties in the data, given by the bars, were determined from the standard devi-
ation of sample activities, sample mass uncertainty, and reproducibility of reactivity
measurements.

Effective Resonance Integrals for Gold

Effective resonance integrals were calculated for gold in order to assess the validity
of gold as a standard for measuring effective resonance integrals and to determine the
constant of proportionality of equation (4) which relates the reactivity coefficients to
effective integrals. These calculations were made by using the computer codes ZUT and
TUZ (ref. 18) and the published resonance parameters (ref. 19). The calculations are
normalized to the thin sample data for gold as shown by the solid curve in figure 6. The
calculated effective resonance integrals and the reactivity coefficients are in very good
agreement over the entire range of (S/M) 1/ 2. A small mismatch occurs for the largest
samples, which could be caused by lack of precision in the correction for the inelastic



scattering effect. The magnitude of the inelastic scattering effect is indicated by the
dashed curve in figure 6 ih which the positive reactivity effect of inelastic scattering is
included. The calculated reactivity coefficient for the larger samples (smaller (S/M) 1/2 )
is reduced approximately 10 percent by inelastic scattering.

The data of figure 6 provide the constant of proportionality for equation (4) which
relates the reactivity coefficients in units of mils increase in reactor solution height per
10%* atoms to a dilute value of I for gold of 1575 barns as

C = 10.040.5 mils/(102% atoms)x(b)

The general agreement of calculated and measured values of I off OVer 2 large range
of (S/ M)l/ 2 attests to the validity of the calculational procedures used and to the relative
precision and completeness of the known resonance parameters. It is interesting to note
that the major contributions to I off for the large sample sizes were not from the prom-
inent resonances but from the capture cross sections below the first resonance and from
the unresolved high-energy cross sections that are not well known. Calculations for
several gold sample sizes were made in which broad energy groups were used to illus-
trate the relative contributions to Ieff of various energy regions. The results of the
group calculations of I off and for the flux and adjoint weighted values of Ieff are
shown in table 1.

In the first group, extending from the standard cadmium cutoff energy of 0.5 electron
volt to 3/TE o for the main gold resonance, the value of Ieff is determined by numeri-
cally integrating the capture cross section (ref. 20). In this integration the following
relation is used:

f3.7Eo ) 4 o
I = P o (E 7
eff ~ Jo.s5ev 0 ¢ g

where the escape probabilities P used are for an infinite slab of equivalent (S/M)l/ 2

as tabulated in reference 21. The unresolved s-wave integrals were obtained from a
Nordheim calculation which cuts off at 12. 8 kiloelectron volts. Contributions for higher
angular momentum neutrons were numerically integrated with no selfshielding by using
gold capture cross sections of reference 1.

The calculation of I ¢ (@)@ *(u) and also Ioge® (u) applicable to a direct capture rate
measurement was made with the group split shown in figure 4 and was then combined into
the groups shown in table I. The importance factor @(u)¢*(u) for the first group accounts
for captures below 0.5 electron volt as well as the lowered flux and adjoint in the group.
A comparison of the total of the Ieff column and the total of flux-weighted or flux- and
adjoint-weighted I off columns for the various sample sizes (S/M) 1/2 at the bottom of
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table I, indicates only small differences because of compensation in the flux weighting of
the contributions above and below the main gold resonance at 4.9 electron volts. The
large attenuation in the group containing the main gold resonance is noted.

Effective Resonance Integrals for Tungsten 182

The enriched tungsten 182 samples contained about 5 percent of the other tungsten
isotopes and the calculated contribution to Ieff due to these isotopes is 10 percent or
less of the total over the range of sample sizes. Thus, the comparison between calcula-
tion and measurement is primarily for the tungsten 182 isotope.

The results for samples enriched in tungsten 182 are shown in figure 7(a). Values
of Ieff are obtained from reactivity measurements for 5.72-centimeter-diameter disks
of tungsten trioxide with the exception of the thickest sample which is a metallic cylinder
2.5 centimeters in diameter by 2.5 centimeters long. For the oxide samples, values of
(S/M)l/ 2 and the reactivity coefficients were computed for thé contained tungsten. A
possible reactivity effect due to neutron capture or inelastic scattering by oxygen in the
absence of resonance capture by tungsten was investigated by measuring the reactivity of
a large sample of carbon, which, within the experimental uncertainty, was zero.
Because of the similarities in carbon and oxygen cross sections, it was concluded that the
oxygen also has a negligible effect on reactivity.

The importance correction factor in equation (5) for tungsten 182 was calculated to
be 1.02 to 1. 03 for the range of sample sizes used. The correction is greater than 1
due to larger contributions above the 4.9-electron volt reference energy of gold. The
experimental reactivity coefficients for tungsten 182 were accordingly reduced by an
average of 2.5 percent. An additive correction of 40 mils per 1024 atoms for inelastic
scattering was also made to these data. The uncertainty in the data shown in figure 7(a)
was determined from the uncertainty in the reactivity coefficient measurement plus an
estimated uncertainty of 10 mils per 1024 atoms for the inelastic scattering correction,
which corresponds to 1 barn on the Ieff scale.

The samples contained slightly different isotopic compositions as shown in figure 7(a);
however, the isotopic variations negligibly affected the calculated results. The effects
of neutron scattering by oxygen were included in the calculation of the oxide samples but
had negligible effect for samples of (S/M)1 /2 greater than about 1.

The resonance parameters used in the calculations for the isotopes of tungsten are
shown in table II. The parameters for the first resonance for each isotope were obtained

12




TABLE II. - RESONANCE PARAMETERS FOR TUNGSTEN ISOTOPES

Energy, | Neutron width, | Capture width, | Spin | Energy, | Neutron width, | Capture width, Spin
eV l"n, I‘y, factor ev l"n, I‘y, factor
ev eV eV eV
Tungsten 182 Tungsten 184
4.17| 0.00148 0.054 1 102.1 0.0027 0.047 1
21.1 .039 .058 184.7 1.12
114.7 . 290 .061 244.0 .0023
214.0 .003 .058 311.0 .085
250.0 1.1 . 055 424.0 .04
282.0 . 0029 684.0 .68
343.0 . 006 787.0 .06
378.0 .13 802.0 1.6
430.0 .28 961.0 1.6
486.0 .5 1000.0 .14
580.0 .3 1090.0 3.4
658.0 .16 1140.0 .34
762.0 .069 1270.0 1.2
922.0 .4 1410.0 2.7
951.0 2.2 1430.0 .25
1010.0 .49 1520.0 1.3
1100.0 1.6 1650.0 .5
1170.0 .48 Y Y 1790.0 1.4
2050.0 2.2
Tungsten 183 2090.0 5.3 Y Y
7.65( 0.0018 0.0717 3/4 Tungsten 186
27.13 . 042
40.6 . 0017 18.83 0.318 0.044 1
46.08 . 154 171.5 . 027 .060
47.8 . 115 197.6 . 0004 .055
218.0 .53 . 055
66.0 -016 288.0 .026 . 060
100. 8 .100
103.9 .012 1/4 407.0 .075 .055
137.7 . 0045 3/4 512.0 . 056
144.5 .100 1/4 543.0 .50
666.0 .75
155.0 . 400 1/4 732.0 2.2
157.1 . 067 3/4
174.1 . 130 3/4 835.0 .017
192. 4 .035 3/4 968.0 1.1
235.5 . 022 1/4 1080.0 .65
1130.0 .45
240. 4 . 059 1/4 1190.0 m
243.4 .019 3/4
259.2 . 066 1420.0 .25
280.5 . 260 1510.0 1.2
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from Harvey (ref. 4). Parameters for the higher energy resonances were obtained from
references 3 and 6. Capture cross sections below the first resonance were obtained from
reference 20. The calculation and measurement of Ieff for the tungsten 182 samples are
in general agreement but with the calculations lying about 5 percent below the measure-
ments. This agreement is well within the reported errors in the resonance parameters
and capture cross sections.

Effective Resonance Integrals for Tungsten 183

Sufficient material enriched in tungsten 183 was available to prepare three samples.
The isotopic enrichment was not as high as for the enriched tungsten 182, and 20 percent
of the calculated Ieff was contributed by the nontungsten 183 isotopes in the samples.
The results for these samples are shown in figure 7(b). The two thin samples were
tungsten frioxide disks, 5.72 centimeters in diameter, and the thick sample was a metal-
lic cylinder, approximately 2.5 centimeters long and 2.5 centimeters in diameter. The
experimental data contains a correction of 40 mils per 1024 atoms for inelastic scattering
and a net importance correction factor of 1.05.

The calculated curves for the tungsten 183 samples lie 5 percent below the oxide data,
whereas the metallic sample data point is on the calculated curve.

Effective Resonance Integrals for Tungsten 184

The calculated contribution of tungsten 184 to Ieff of the samples measured was
only 25 percent, even though the samples were 94 percent enriched in relatively non-
absorptive tungsten 184. Effective resonance integrals obtained from samples enriched
in the tungsten 184 isotope are shown in figure 7(c). Sample sizes and composition were
similar to those of the other isotopes, and the data contains the 40-mils—per-1024-atoms
inelastic-scattering correction and a net importance factor correction of 1.06. Calcula-
tion and experiment are in agreement within the experimental uncertainty. For the
metallic cylinder sample with a (S/M) 1/2 ratio of 0.4, the accuracy of the measured I ;.
depends on the precision of the relatively large inelastic scattering correction. The large
uncertainty shown in figure 7(c) includes a 25-percent uncertainty in the inelastic scatter-
ing correction. The calculated curve is seen to lie slightly below the experimental data
points for the oxide samples.
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Effective Resonance Integrals for Tungsten 186

The samples used contained 97 percent tungsten 186 and 2 percent tungsten 184 with
1 percent of the other isotopes. The calculated contribution to Ieff due to nontungsten
186 isotopes accounted for 5 to 7 percent of the total integral. The relative contributions
of various energy groups to Ieff for pure tungsten 186 are presented in table I, which
also indicates the flux- and adjoint-weighted values of Ieff‘ The dominance of the group
containing the 18. 8-electron-volt resonance is noted.

A comparison of the calculations and measurements for the enriched samples is
shown in figure 7(d). The tungsten 186 reactivity data are for tungsten trioxide disks,
5.72 centimeters in diameter, and a metallic cylinder, approximately 2.5 centimeters in
diameter by 2.5 centimeters long. The data contain a correction of 40 mils per 1024
atoms for inelastic scattering. For tungsten 186, the importance correction factor of
equation (5) is obtained from the results shown in table III. For thin samples, the calcu-
lated importance weighted factor I off% (W)@ *(u) is larger than Lo because the dominant
contribution to Ieff is at 18. 8 electron volts where the importance factor is larger than
at the gold resonance reference energy of 4.9 electron volts. For very thick samples, a
significant part of the total contribution to I off lies below 4.9 electron volts, so that the
net correction factor is 1. For tungsten 186, therefore, a relatively large contribution
to I off below the 18. 8-electron-volt group and an unusually small contribution above
this group results in a net variation of importance correction with lump size. This
variation of net importance correction factor with sample size was not observed for the
other isotopes.

The data shown in figure 7(d) indicate the calculations to be about 10 percent above
the measurements for the oxide samples and 20 percent above the measurement for the
metal sample. The difference between experiment and calculation is less than reported
previously (ref. 22) because of recent changes in the measured resonance parameters
for the 18. 8-electron-volt resonance (ref. 4) and in the capture cross sections below
this resonance (ref. 20). The cross sections of tungsten 186 are well known with the
exception of the value of I‘y for the 18. 8-electron-volt resonance, so that a detailed
comparison of the calculations and experimental results in figure 10 may indicate prob-
able values of T_.

The reported error in the cross sections of reference 20 below the 18. 8-electron-
volt resonance is 3 percent. The value of I‘n for the tungsten 186 resonance (ref. 4)
is 0. 31840. 003 electron volt; however, I"_ is reported as 0.041+0. 009 electron volt
from area analysis and 0.055+0. 006 electron volt from shape analysis. On the other
hand, the value of T"_ for the 18. 8-electron-volt resonance cannot exceed 0.044+0. 002
electron volt in order to calculate the recently measured thermal cross section (ref. 20)
using the resonance parameters. This value of PY was used in the calculations shown
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in figure 7(d) which lie above the experimental results.

For the highly scattering tungsten 186 resonance at 18. 8 electron volts, the calcula-
tional method using the ZUT code (ref. 18) is believed to be inadequate. Cohen (ref. 23)
investigated the limitations of the ZUT-TUZ calculational procedure which requires the
assumption of flat-source distribution in the absorber sample in order to compute col-
lision probabilities. By relaxing this flat-source assumption for the 18. 8-electron-volt
resonance, Cohen found that detailed transport calculations result in a 10 to 20 percent
reduction in Ieff for (S/M)l/ 2 from 1.0 to about 0.1 relative to the flat-source calcula-
tion. This error corresponds quite closely to the differences in the Nordheim calcula-
tions and experiment shown in figure 7(d). Therefore a value of I'_ of 0.044 electron
volt is actually in excellent agreement with the experiments when the results of the study
of reference 23 are applied.

The experimental errors shown in figure 7(d) do not include a gold standardization
error common to all the isotopes measured. This gold standardization error consists of
a 5 percent error in the constant C of equation (4), a 2% percent error in the gold reso-
nance integral, and an error of approximately 1 percent due to uncertainties in the im-
portance correction factors. The root-mean-square error in the experimental tungsten
186 integrals is estimated as 8 percent for values of (S/M)l/ 2 Jess than 2. Based on
this net uncertainty and the calculations of Cohen (ref. 23) a value of I of 0.04410.004
electron volt for the 18. 8-electron-volt resonance is recommended.

Effective Resonance Integrals for Natural Tungsten

Experimental effective resonance integrals for metallic samples of natural tungsten
are shown in figure 7(e). The samples are small cylinders 2.5 centimeters long with
diameters as large as 2.5 centimeters for values of (S/M)l/ 2 below 0.45, and are 3.8 by
5.1 centimeter rectangles up to 1 centimeter thick for the larger values of (S/M)l/ 2.

The error bars on the data points represent the uncertainty in the reactivity measurement
plus 1 barn, corresponding to a 25 percent uncertainty in the correction of 40 mils per
1024 atoms for inelastic scattering. A calculated importance correction factor of 1.05

is used that results from the preponderance of captures above the gold reference at

4.9 electron volts. Both corrections are estimated to be independent of sample size.

The calculated curve in figure 7(e) overestimates the experimental data for the
thicker samples by 10 to 20 percent. In the present calculations, a slab sample of
natural tungsten was considered to consist of noninteracting slabs of the individual iso-
topes; that is, contributions from each resonance of each isotope were computed sepa-
rately and individually summed so that any resonance overlap effects are not included.
Therefore, a comparison of calculations for the summed isotopes and experiments for
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TABLE IV. - ESTIMATE OF RESONANCE OVERLAP EFFECTS

Sample Calculated error, percent
size
(S/M)l/z, Tungsten| Tungsten | Tungsten | Tungsten | Tungsten
cm/g1/2 182 183 186 e;;l)‘(r::
isotopes
1.2 0 -4 -5 5 ~-1
.8 0 -3 -5 7 ~0
.5 12 -3 -3 9 ~1
.3 25 0 0 17 ~6

natural tungsten serves as a test of the degree of interaction between the isotopic reso-
nances in natural tungsten. This comparison is shown in table IV for four sample sizes
of natural tungsten. The first column shows the percent calculated overestimates of the
measured natural tungsten effective resonance integrals. The next three columns show
the corresponding percentages for the individual absorptive tungsten isotopes as mea-
sured. The last column is the resulting calculated overestimate in the natural tungsten
calculation based on the individual contribution of the important isotopes. Comparison of
the first and last columns shows that the natural tungsten data exhibit an interaction
between the various resonances that results in greater selfshielding.

The differences between experiment and overestimated calculations for natural tung-
sten can be explained by the partial overlap of some of the larger isotopic resonances
that is not considered in the Nordheim calculation. A recently developed calculational
method (ref. 24) that considers resonance overlap was not used here. This method
should provide better calculational agreement with the natural tungsten data. Resonance
overlap would be expected to become more important for large samples as indicated by
the results in figure 7(e). A recent Monte Carlo calculation (ref. 25) indicated a signifi-
cant reduction in effective integrals of large samples of natural tungsten because of
resonance overlap.

CONCLUSIONS

Effective resonance integrals were determined relative to gold for natural tungsten
and samples highly enriched in the individual isotopes of tungsten. The data are in good
agreement with the Nordheim calculation for tungsten 182, 183, and 184; however, this
calculational method, utilizing recent resonance parameters, overestimated values of
the effective resonance integrals for tungsten 186 and thick samples of natural tungsten.
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For tungsten 186, the use of a resonance capture width of 0.044+0.004 electron volt
for the 18. 8-electron-volt resonance brings the Nordheim calculation and experiment into
much better agreement. The remaining disagreement for tungsten 186 and thick samples
of natural tungsten appeared to be explained by recent calculations of the error in the
ZUT-TUZ results caused by the flat source and isolated resonance approximations.
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APPENDIX - SYMBOLS

constant relating Ieff and
reactivity coefficient,
mils/(lO24 atoms)(b)

neutron energy, eV
cadmium cutoff energy, eV
resonance energy

integrated total fission rate in
reactor

change in reactor height, mil
effective resonance integral, b
reactivity

mass, g

sample atom density, atoms/cm3

escape probabilities

spatial variable, cm

S surface, cm2

u lethargy

A" sample volume, cm3

I"n resonance neutron width, eV

I‘y resonance capture width, eV

¢ (E) neutron flux per unit energy,
n/(cmz)(sec) (eV)

¢ (1) neutron flux per unit lethargy

?y total unperturbed neutron flux,
n/(cmz)(sec)

¢* adjoint flux

O¢ microscopic capture cross section,
b

Subscript:

i

energy group
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